On the 20 th September 2012, a large debris slide occurred in the Móafellshyrna Mountain in the 15 Tröllaskagi peninsula, central north Iceland. Our work describes and discusses the relative 16 importance of the three factors that may have contributed to the failure of the slope: intense 17 precipitation, earthquake activity and thawing of ground ice. We use data from weather stations, 18 seismometers, witness reports and field observations to examine these factors. The slide initiated 19 after an unusually warm and dry summer followed by a month of heavy precipitation.
Introduction
In the following sections we describe a) the state of knowledge of permafrost in Iceland, 70 b) seismic conditions in Iceland and their role in previous mass wasting events, c) 71 general meteorological conditions in Iceland. We then report our results, reconstructing 72 the conditions that favoured the occurrence of the landslide. We then discuss our results, 73 dividing the factors that induced the landslide into, i) preparatory and ii) triggering (as per 74
McColl, 2012). We finally posit that Móafellshyrna landslide was preconditioned by 75 combination of intense precipitation in the weeks prior to the slide and the seismic activity 76 on 18 th and 19 th September and that the degradation of ground-ice was the final trigger. from the Global Monitoring for Environment and Security service for geospatial reference data access 82 project (GMES RDA). The table provides details on the Icelandic Meteorological Office weather stations, 83 whose datasets have been used for this study. Symbols "X" and "-" mean that data are or are not available 84 at the stations, respectively. 85
Permafrost distribution in Iceland 86
During the last decade our knowledge of the regional distribution of permafrost in Iceland 87 has increased considerably (e.g. Etzelmüller et al., 2007a/b; Farbrot et al., 2007a/b; 88 Kellerer-Pirklbauer, 2007; Lilleören et al., 2013; Kneisel et al., 2007; Kneisel, 2010) . 89
There are several published works on permafrost in the central highlands of Iceland 90 dating back to the 1950s, and these studies focused on geomorphological features, such 91 as palsas and patterned ground (e.g., Thorarinsson, 1951; Friedman et al., 1971 ; 92 Schunke, 1974; Stingl and Herrmann, 1976; Priesnitz and Schunke 1978; Hirakawa, 93 1986; Thorhallsdottir, 1994; 1996; Saemundsson et al., 2012) . These works both 94 mapped permafrost conditions and a recent study at the Orravatnsrústir palsa site, NE of 95 the Hofsjökull ice cap, showed clear indications of declining permafrost conditions from 96 2000-2010 in the highlands . Studies have also sought to 97 better define the spatial distribution of mountain permafrost in Iceland. Such studies used 98 inventories of rock glaciers and stable ice-corded moraines combined with meteorological 99 data analyses (e.g., Etzelmüller et al., 2007a/b; Farbrot et al., 2007a/b; Kellerer-100 Pirklbauer, 2007; Lilleören et al., 2013) and Electrical Resistivity Tomography (e.g., 101 Kneisel et al., 2007; Kneisel, 2010; Saemundsson et al., 2012) . These works did not 102 comment on the dynamics of the permafrost. 103 Etzelmüller et al. (2007a) published the first regional distribution map of mountain perma-104 frost in Iceland. This was the first attempt to understand the overall extent of mountain 105 permafrost on the island. The map was based on a model which used meteorological 106 data calibrated with ground surface temperature data and validated using ground 107 temperature data from four shallow boreholes and an inventory of rock glaciers. 108
According to Etzelmüller et al. (2007a) , mountain permafrost is widespread in the 109 northern and eastern Iceland above 800-900 m, covering 8% of the island, or around 110 8.000 km 2 . 111 A warming trend in atmospheric temperature has been observed in Iceland over the last 112 two centuries. In Stykkishólmur in western Iceland records show an increase of about 113 0.7°C per century (Nawri & Björnsson, 2010; Jónsson, 2008) . From 1975 to 2008 the 114 warming rate was much higher or about 0.35°C per decade (Ministry for the Environment 115 of Iceland, 2010). However, so far relatively little attention has been paid to the 116 consequences of the recent climate change on the possible degradation of mountain 117 permafrost in Iceland. 118
Seismic activity in northern Iceland 119
The seismic activity in Iceland is related to its position on the Mid-Atlantic plate boundary, 120 which crosses the island and its location over the Icelandic Hotspot (e.g. Tryggvason et 121 al.,1983; Wolfe et al., 1997; Allen et al., 2002; Bjarnason, 2008; Einarsson, 2008; 122 Thordarson & Höskuldsson 2002) . The seismic activity in the northernmost region of the 123 island is related to the Tjörnes Fracture Zone (Einarsson and Björnsson, 1979; 124 Saemundsson, 1974) , which is defined by three seismically active lineaments -the 125 Grímsey Oblique Rift, the Húsavík Flatey Fault and the Dalvík lineament; (e.g., 126
Saemundsson, 1974; Gudmundsson, 2000; 2006) -and includes the Eyjafjarðaráll N-S 127 extensional graben, located north offshore the Tröllaskagi peninsula ( Fig. 2) . It was 128 activity on this fault system which caused the earthquakes prior to the Móafellshyrna 129
slide. 130
Earthquakes are known to have triggered landslide and rockfall activity in Iceland in the 131 past (e.g. Jónsson, 1957; Jónsson and Pétursson, 1992; Thorarinsson, 1937 Thorarinsson, , 1959 132 Halldórsson, 1984; Jensen, 2000; Saemundsson et al., 2003; Ágústsson and Pétursson, 133 2013), but no study has explored in detail the influence of earthquake activity as a 134 preparatory and/or triggering factor on rockfall or landslides in Iceland, as has been done 135 elsewhere in the world (e.g., Harp and Jibson, 1996; Yin et al., 2009 ). The above 136 mentioned Icelandic studies relate mass movements to larger earthquakes than those 137 prior to the slide in Móafellshyrna, e.g. in June 2000, when two earthquakes of magnitude 138 6.4 occurred in Iceland, with the epicentre in the middle of the southern lowlands. 139
Rockfall activity was reported as a result of this event as far as 75 km from the epicentre 140 (Saemundsson et al., 2003) . 141 
General weather conditions in Iceland 150
Weather patterns in Iceland are highly variable, with frequent and strong variation in 151 precipitation and temperature; this is mainly because Iceland is located on the main path 152 taken by North Atlantic low-pressure systems (Einarsson 1984) . The mean annual air 153 temperature for the period 1971-2000 was 4-5°C in the south, 3-4°C in the east and 154 west and 2-3°C in northern coastal parts of the country (Tveito et al., 2000) . Hence 155 precipitation can fall as both snow and rain. The two main dominant precipitation wind 156 direction in the Tröllaskagi area are NE and SW (Brynjólfsson and Ólafsson 2008, 157 Arnalds et al., 2001) . The precipitation is heaviest during strong NE winds. 158
Consequently, mean annual precipitation increases from about 500 -1000 mm per year 159 in the central and northern parts of the country to more than 3000 mm/yr in the southeast 160 (Crochet et al., 2007) . During the winter months from October to April the precipitation in 161 the outer part of the Tröllaskagi peninsula is almost exclusive snow or sleet and the main 162 part of the snow avalanche activity is associated with strong north-easterly wind. The 163 northern part of Tröllaskagi peninsula is generally a heavy snow prone area and 164
Siglufjörður and Fljótin area are generally considered to be one of the heaviest snow 165 prone areas in Iceland (Arnalds et al. 2001) . 166
Geographic and Geologic Setting of Móafellshyrna 167
The Tröllaskagi peninsula is a mountain massif located between the Eyjafjörður fjord in 168 the east and the Skagafjörður fjord in the west (Fig. 1) . The peninsula is topped by flat 169 summits reaching up to 1000 -1500 m a.s.l. and sculptured by glacial erosion with 170 glacially carved fjords, valleys and cirques. Such over-steepened landscapes are 171 recognised as one of the key pre-conditioning factors for failures (McColl 2012). Over 172 150 alpine glaciers, mainly north facing, have been mapped in this massif (Sigurðsson 173 and Williams, 2008) . 174
The bedrock in the outermost part of the Tröllaskagi peninsula falls within the Tertiary 175 basalt series (16-3.3 M years; e.g., Moorbath et al., 1968; McDougall et al., 1984; 176 Watkins and Walker, 1977) . This series is mostly jointed basaltic lava flows, composed of 177 2 to 30 m thick individual flows separated by lithified sedimentary horizons (from few 178 centimetres up to tenths of meters thick) (Saemundsson 1979; Saemundsson et al.,1980) . 179
The bedrock is heavily jointed and intersected by dikes, and the general dip angle of the Localised orographic effects mean that in the Tröllaskagi peninsula precipitation is higher 191 near the coastline when there are northerly winds (Brynjólfsson and Ólafsson 2008) . 192
Conversely, the precipitation is likely to be higher in the lowlands in the interior of the 193 Tröllaskagi peninsula area than at the coast during periods with southerly winds. In the 194 mountains of the peninsular the orographic effect would also play a role during southerly 195 winds precipitation may in fact be even higher at a higher elevation. According to Arnalds The Móafellshyrna Mountain is located in the Fljótin area in the outermost part of the 203
Tröllaskagi peninsula in central north Iceland (Figs.1, 3) . The mountain is 1044 m high, 204
with narrow alpine-mountain ridge orientated in the north-south direction. It is located 205 between the Móafellsdalur tributary valley in the west and the Hvarfdalur tributary valley 206 in the east (Fig. 3 ). In the outermost part of the western valley side of Móafellsdalur are 207 old remnants of a landslide that originated from the western mountain side. The age of 208 these old landslide deposits is not known. Jónsson (1957 Jónsson ( , 1976 
Methods

235
The triggering factors of the Móafellshyrna debris slide event in September 2012 were 236 analysed using meteorological data from the Icelandic Meteorological Office (IMO) for the 237 three months prior to the slide and for the period 2010-2012. Data for the seismic activity 238 of the north coast were also obtained from the IMO. We also interviewed the inhabitants 239 of the valley and performed our own field investigations. debris slide. We do not attempt to correct the precipitation data collected near the coast 256 for the inland conditions, because this would not only require a temperature correction, 257 but we would need to take into account variations in wind speed, wind direction and 258 pressure in a meteorological model, which is beyond the scope of this paper. 259
Direct report from witnesses 260
The local residents of the farm Þrasastaðir witnessed the release of the landslide, and 261 were interviewed on the day of the event regarding the earthquake activity prior to the 262 slide, timing of the slide and the events that occurred during the first few hours of the 263 slide. The slide was photographed by the first author only a few hours after it had 264 occurred. Ongoing rockfall activity on the slope prohibited more detailed observations 265 immediately after the event. It was not considered safe to perform field analysis until 29 th 266
September 2012, when direct observations and measurements were made. The site was 267 revisited in summer 2015 to track changes in the slide. 268
Field measurements and survey 269
The boundary of the landslide body was mapped on the 29 th June 2012 with Trimble 270 GEOXT from the GeoExplorer CE series with an accuracy of 1-2 m. Thickness 271 measurements of the slide were performed both with direct measurements in the field on 272 observations. Landslide volume estimates were derived from morphometric properties of 278 the deposits measured directly in the field and from aerial photographs. 279
Results
281
Witness report 282
The residents of the Þrasastaðir farm, located at the junction between the Móafellsdalur 283 and the Stífludalur valleys and 1.7 km from the terminal deposits of the landslide (Fig. 3) , 284
were interviewed only few hours after the slide. They recounted that on the 20 th of 285 September 2012 at around 12:30 they heard a rumbling noise, which originated from the 286 Móafellshyrna mountain. They also recounted that a black tension crack, in the snow 287 covered mountain, progressively formed above the colluvial cone at around 850 m a.s.l. 288
They saw large blocks of debris that broke off the frontal part of the cone and fell onto the 289 talus slope below. This activity was most intense in the first 1-1.5 hours, but they reported 290 that there were intermittent noises and rock fall activity throughout the day. 291
The residents of the Þrasastaðir farm felt all the three earthquakes that occurred on the 292 19 th and 20 th September, with the last one only three hours before the debris slide event. 293
It was estimated that less than 1 m of snow was on the ground at the time of the slide. The colluvial material partially slid off the steep rockwall ledge at the edge of the bench, 303
as described by the local residents. From field observations and aerial photographs we 304 estimate that the horizontal displacement in the upper part of the cone was around 40 m 305 ( Fig. 4A ). Later observations revealed that the bedrock was exposed from beneath the 306 colluvium as it slid (at the time of the slide it was hidden by a thin veneer of mud, which 307 was later cleaned by rainfall). Part of the colluvial deposits remained perched on the 308 topographic bench after the event (Fig. 3C, 4B ). Based on field observation, we 309 estimated that the thickness of the frontal part of the still ice-cemented colluvial cone that 310 was preserved at the edge of the bench after the slide was around 20-30 m thick (Fig.  311   4B) . As the colluvial cone slid off the rockwall edge, large blocks of ice-cemented debris 312 broke off and fell onto the talus slope located below the topographic bench (Fig. 3C) . Fig.  313 3B shows decametre-scale blocks of ice cemented colluvium that have remained on the 314 bench. A 300 m long, 80-100 m wide and 8-10 m deep channel was carved into the talus 315 slope deposits (Fig. 3C, 4C) , entraining further material to the landslide. This channel 316
shows that the landslide materials must already have been fluidised (saturated) in order 317 to scour out this channel. 318
At 495-505 m a.s.l. at the foot of the talus slope, we observed that both loose muddy 319 debris and blocks of ice-cemented deposits comprised the landslide deposits (Figs. 320 4C,D,E). We infer that these ice cemented blocks had fallen from the topographic bench, 321
as they had the same aspect and size of those still perched in the source area ( Fig. 4B) . 322
These blocks ranged from less than 1 m up to 12 m wide and from less than 1 m up to 10 323 m tall. The ice-cemented blocks were composed of layers of sand to boulder-size (up to 324 50 cm in long-axis) angular rock fragments (Fig. 4F) , interbedded with layers composed 325 of clay to sand-size materials. The red colour of the horizons of fine material (Fig. 4E ) 326 derives from the original source material, namely paleo-soils interbedded in the lava 327 layers composing the Tertiary Basalt Formation. Nine days after the failure, from visual 328 inspections we estimated a content of ground ice that was cementing the blocks of 329 around 15-20% of the total volume ( Fig. 4F ), i.e. pore-filling ice, rather than excess ice. 330
No massive ice deposits were observed. 331 
341
Some of the landslide deposits came to rest below the talus slope at 495-505 m a.s.l. 342 ( Fig. 4D) , where the average slope angle is less than 10°, but the rest traversed down the 343 mountain slope, finally stopping at 330 m elevation (Fig. 4G) , a few meters from the river 344
Galtará draining the bottom of the valley (Fig. 3) . The part of the material that continued 345 down the mountain side is composed of clay to boulder-size material which followed a wide and about 20-30 m thick (Fig. 4B ). Based on these dimensions we estimated that 359 the volume of the deposits that broke off the frontal part of the cone and fell down onto 360 the lower talus had a volume up to ~120 000 -180 000 m 3 . From the dimensions of the 361 channel carved into the lower talus on the southern side of the slide (with 80-100 m, 362 depth 8-10 m, length 300 m) ( Fig. 4C) we calculated that an additional volume of ~192 363 000 -300 000 m 3 of material was mobilized. Combining these volumes gives an estimate 364 of the total volume of material mobilized in the event of 312 000 -480 000 m 3 . From GPS 365 measurements the areal extent of the landslide is ~0.3 km 2 , giving an average depth of 366 deposits of 1-2 m, consistent with our direct observations of thickness at the deposit-367 boundaries. 368
Antecedent conditions 369
Precipitation 370
The spring and summer months preceding the Móafellshyrna event were dry, and the 371 autumn was unusually wet (Figs. 5, 6) (Jónsson 2013). From April until 28 th August 2012, 372 dry conditions prevailed in the outer part of the Tröllaskagi peninsula, with only one day 373 with precipitation greater than 10 mm: 23 rd to 24 th July, when 70 to 90 mm of rain was 374 recorded at Siglufjörður and Ólafsfjörður weather stations (Fig. 7) . 375
From 20 th August to 20 th September around 1/3 of the precipitation for 2012 fell in the 376 area (~400-550 mm). For comparison, the average annual precipitation in the town of 377
Ólafsfjörður is ~400 mm for the period 2000-2012 (Figs. 5 & 6). In detail, from 28 th August 378 to 8 th September the cumulative precipitation in Siglufjörður was 190 mm and 120 mm in 379 Ólafsfjörður, with an additional 30 to 40 mm precipitation at these stations on the 3 rd , 6 th 380 and 7 th September. From 9 th to 11 th September an unseasonal and severe snowstorm hit 381 the north eastern and northern parts of the country (Jónsson 2013, Hermannsdóttir 382 2012). Following this snowfall, around 100 mm rain was measured in only two days at 383
Siglufjörður and almost 150 mm at Ólafsfjörður. The precipitation continued from 11 th to 384 17 th September either as snow, sleet or rain at these weather stations. From September 385 17 th to 19 th less than 10 mm of precipitation was recorded, but at the time of the event 386 540 mm precipitation had been recorded in Siglufjörður and 490 mm at Ólafsfjörður 387 weather stations since 23 rd July, which corresponds to 40-45% of the mean annual 388 precipitation from 2000-2012 (Fig. 5 ). The monthly precipitation data from Ólafsfjörður 389 station from 2000 to 2012 show that September is the month with maximum precipitation 390 for any given year, with a range between 70 and 250 mm ( Figs. 5 & 6) . The year of 2012, 391 however, had precipitation exceeding the average for this month (Fig. 5 
) 392
Unfortunately, there is no weather station located in the mountainous region of 393
Tröllaskagi area and as previously mentioned there is no weather station in Fljótin area. 394
This means that we cannot report absolute precipitation data for the Móafellshyrna site, 395 but it is reasonable to assume that on a month by month basis the trends should be 396 similar to those of surrounding weather stations. Predicting whether precipitation falls as 397 snow or rain at Móafellshyrna is outside the scope of this study and is complicated by a 398 number of factors including snow drifting, wind-dependant snowmelt and variable 399 orographic effects dependant on wind direction (Brynjólfsson and Ólafsson 2008)see 400 Section 1.3. Snow was visible on the ground on the day of the slide and was less than 401 1m thick from eye witness accounts (equivalent to ~100 mm of precipitation, depending 402 on snow density) Therefore, the majority of the precipitation received up to 20 th 403 September had been absorbed by the ground. The fact that snow was present on the 404 ground argues against a sudden influx of water into the ground via snowmelt, known to 405 trigger other mass wasting phenomena in Iceland (e.g. Decaulne et al. 2005 ). Hence, we 406 did not pursue an analysis of the wind data from the weather stations, because this would 407 only be important if melt or precipitation were the primary triggers for the slide. The temperature patterns in 2012 were also unusual, the summer and spring were 432 unusually warm on the whole, but the autumn was particularly cold ( The average daily air temperature from 6 th to 20 th September at the Siglufjörður and 439
Ólafsfjörður stations ranged from 3 to 6°C and at the Öxnadalsheiði weather station 440 fluctuated around zero, but lowered to approximately -3°C the night before the slide (Fig.  441   7) . Our corrected temperature data indicate average daily temperatures of at the altitude 442 of the Móafellshyrna slide of around -1 to -2°C in the days preceding the slide and hence 443 night-time temperatures would have been even lower. During the evening of 19 th 444 September, a drop below 0°C in the atmospheric temperature in the mountains was 445 measured in the Öxnadalsheiði weather station (Fig. 7) . The snow on the ground at the 446 time of the Móafellshyrna debris slide shows that similar sub-freezing conditions also 447 prevailed at this altitude prior to the slide. These low temperatures combined with the 448 snow cover are strong evidence that sudden influx of water from precipitation was not the 449 trigger for the Móafellshyrna slide. 
Earthquake sequence 451
In the Eyjafjarðaráll graben, three earthquakes with magnitudes M 4.2 to M 4.5 were 452 registered on 19 th and 20 th September (Gudmundsson et al., 2014) . Their epicentres are 453 located 25-27 km north-northeast of the town of Siglufjörður, and 60 km north-northeast 454 of the Móafellshyrna site (Fig. 4) . On the morning of 19 th September, one day prior to the 455 slide, two earthquakes with magnitudes M 4.5 and M 4.3 occurred at 07:57 and 08:28 456 respectively. A number of smaller aftershocks continued to occur throughout the day 457 following these earthquakes. Another earthquake of magnitude M 4.2, occurred at 9:27 458 on the 20 th September, approximately three hours prior to the first observations of the 459
Móafellshyrna slide (Fig. 4) . 460 461
Discussion
462
The Móafellshyrna debris slide is a rare example of a gravitational mass movement 463
where three triggering factors may have contributed to the failure of the slope: heavy 464 precipitation, earthquake activity and ground ice degradation (via rising average surface 465 temperatures). We infer that precipitation was the main preparatory factor for this debris 466 slide for the following reasons. Heavy prolonged precipitation was recorded across the 467 area, where nearly half of the usual annual precipitation fell in less than one month (Fig.  468   5) . Many case studies have shown that high magnitude water input, either by rainfall 469 (Rapp and Nyberg 1981) or snowmelt ), leads to oversaturation of 470 soil directly triggering debris flows and shallow landslides. These studies also point out 471 the role of intense rainfall as a preparatory (rather than direct trigger) factor to failure (e.g. 472 Rapp, 1964 Rapp, , 1985 well documented (Harris and Gustafsson, 1993) . We do not favour sudden water input as 478 a direct trigger of the Móafellshyrna debris slide, because snow was present on the 479 ground at the time of the failure. However, we think this is a necessary pre-condition for 480 the failure to occur. 481
The direct influence of the seismic activity and associated ground acceleration on the 482 motion of the debris in the source area seems unlikely, as the event did not occur 483 immediately following any seismic event. Earthquakes are a common triggering factor for 484 landslide activity and are considered as a major cause for landslides worldwide (e.g. 485 Keefer, 1984 , 2002 , Malamund et al. 2004 ). Yet, no other debris flow or rockfall 486 activity was reported on the northern part of the Tröllaskagi area on 19 th or 20 th 487 September, which might be expected if ground acceleration were sufficient to trigger 488 mass movement. However, the short time interval (3hrs) between the last earthquake 489 and the failure indicates a possible connection between the slide and the seismic events. 490 Selby (1993) argued that "stability of the slope, orientation of the earthquake in relation to 491 the slide mass, earthquake magnitude, focal depth, seismic attenuation and after-shock 492 distribution" are factors that determine whether earthquakes trigger landslides. According 493 to Keefer (1984) , the maximum area likely to be affected by landslides in a seismic event 494
increases from approximately 0 km 2 at M=4.0 up to 500.000 km 2 at M=9.2. According to 495 sometimes with delay between the earthquake and the mass movement. Jibson et al. 502 (1994) also discuss delayed landslide movements, from larger earthquakes (M 7.0), and 503 state that the simplest explanation for the delay is a change in the ground-water 504 conditions. Based on the above mentioned studies, it is unlikely that an earthquake of M 505 4.3 was the only triggering factor for the Móafellshyrna debris slide, having taken place 506 60 km away from the epicentre. On the other hand, since the Móafellshyrna slide 507 occurred only three hours after a seismic event, the seismic sequence is likely playing 508 some indirect role. 509
The ground water flow system of the colluvial cone composing the source material of the 510
Móafellshyrna landslide is expected to be very limited. This is due to several factors: i) 511 the catchment area above the source area is not very large (around 350 m long); ii) the 512 colluvial cone is confined uphill by a vertical rockwall, and downhill by the edge of the 513 topographic bench; iii) the presence of ground ice cementing the deposits; iv) the sub-514 horizontal dipping of the bedrock layers where the deposits are perched. However, it has 515 been shown that talus slopes can contain multiple and distinct groundwater flow systems 516 beneath or within them, and that they have a rapid and localised response to precipitation 517 and melt inputs (Roy and Hayashi, 2009; McClymont et al., 2010) . One component of the 518 groundwater flow in the colluvial cone of Móafellshyrna may originate in the pervasive 519 system of sub-horizontal and sub-vertical discontinuities affecting the bedrock. If a 520 groundwater system was present before the failure, the response of the water table  521 should be rapid. Since seismic activity can release water by coseismic liquefaction or 522 consolidation of loose sediments (e.g., Manga et al., 2003; Montgomery et al., 2003) , a 523 change in the hydrogeological equilibrium of the colluvial cone caused by seismic activity 524 could have contributed to the occurrence of the failure. 525
Field evidence from the Móafellshyrna debris slide strongly suggests the involvement of 526 ground ice thaw in triggering the event. Because the month of the event had 527 temperatures lower than average and the days prior to the event were mostly below zero 528 Celsius (as evidenced by snow on the ground), we do not think thaw water from the 529 ground ice in the perched talus contributed significantly to the event. However, longer 530 term, deeper thawing caused by an annual rise in temperature and therefore a shift in the 531 permafrost table, including an anomalously warm preceding summer, we believe is a 532 more likely contributor. In recent years, there has been an increasing interest worldwide 533 in the influence of climate warming and associated decline of mountain permafrost on the 534 occurrence of mass wasting phenomena (e.g., Rebetez et al., 1997; Gruber et al. 2004 ; increased hydrostatic pressure and the associated reduction of shear strength can all 542 lead to reduction of stability with increasing atmospheric temperature via permafrost 543 degradation (e.g., Gruber and Haeberli, 2007; Krautblatter et al., 2013; Pogliotti et al., 544 2015) . Although, these previous studies have focused on the stability of massive rock 545 masses, a similar (perhaps exaggerated) effect might be expected in ice cemented talus. 546
The increase of mean annual temperature, which has been observed in Iceland over the 547 last few decades (Björnsson et al. 2008) , should be leading to degradation of 548 discontinuous permafrost in Iceland, which is thought to be present in the Tröllaskagi 549 peninsula (Etzelmüller et al., 2007a) . Our observations of the ice-cemented deposits 550
shows that the Móafellshyrna slide originated from deposits containing pore-filling ground 551 ice and equally that these deposits were still frozen at the time of the slide. Together 552 these argue for a permafrost origin for this ground ice. The increasing average 553 temperatures over the last decades (Björnsson et al. 2008 , Jónsson 2013 ) before the 554 event may have initiated the degradation of ground ice in the talus cone where the slide 555 initiated, but not from the top-down, but from the base-up. This thawing may have: i) 556 lubricated of the base of the cemented colluvial cone, ii) lowered the effective friction 557 angle (cohesion), and hence iii) caused the slow movement of the colluvial cone perched 558 on the bench and the sliding along a detachment surface of the whole ice-cemented 559 mass. The warming of the rock mass onto which the colluvial deposit was previously 560 cemented could have been brought about by a combination of propagation of the thermal 561 wave through the rock mass from the warmer southeast-facing side (e.g., Noetzli et al. 562 2007) and the delivery of warmer liquid water (derived from the intense precipitation) to 563 the talus-rock interface from the south-westward dipping strata. Hence, the rupture 564 occurred beneath the permafrost table. Perhaps the ice-cemented colluvium was in effect 565 forming an underground "ice dam" that was holding back water saturated debris until its 566 own weight and the seismic shaking caused it to fail. However, we cannot substantiate 567 this link with certainty as we lack direct temperature measurements in the talus cone. Our 568 hypothesis is supported by the slow widening of the tension crack at the top of the source 569 area as observed by the eye-witnesses and the fact that the landslide was fluidised (a 570 water content higher than expected for such a small catchment) even as it fell down the 571 talus slope (causing the channelized erosion). 572
Ice-cemented deposits have been observed in two other landslides in Iceland, e.g. on the 573
Torfufell mountain (source area at ~750 m a.s.l.) and the Árnesfjall Mountain (source 574 area at ~350 m a.s.l.). These further events provide additional evidence to support our 575 hypothesis that the lower limit of permafrost degradation extents to lower altitudes. The 576 source zones for the Móafellshyrna and the Torfufell slides are at the lower elevation limit 577 of discontinuous mountain permafrost in northern Iceland (i.e., 840 m a.s.l.; Etzelmüller et 578 al., 2007a). On the other hand, the source zone of the slide in the Árnesfjall Mountain is 579 at an unexpected much lower elevation, which shows that the knowledge of mountain 580 permafrost in Iceland is incomplete. The setting of talus perched on benches is not a rare 581 situation in Iceland because of the sub-horizontal basalt layers create topographic 582 benches on which loose material can accumulate. Hence investigating whether those 583 with permafrost conditions, particularly above inhabited areas, contain ground ice and 584 establishing its condition, should be a priority. 585
Conclusions 586
The debris slide in the Móafellshyrna Mountain began with a slow movement of a 587 perched colluvial cone, as described by the local residents of Þrasastaðir. This colluvium 588 is composed of stratified ice-cemented deposits at 840 m elevation and large blocks and 589 boulders broke off the frontal part of the cone and fell onto the talus slope below. The 590 mass movement transformed into a rapid debris slide, travelling down the mountainside 591 with the final deposits coming to rest at 330 m a.s.l. The total volume of the slide is 592 estimated to be around 312 000 -480 000 m 3 (including the initial mass and mass added 593 via bulking), covering an area of 0.3 km 2 . 594
We suggest that heavy precipitation prior to the slide was the main preparatory factor, 595 with over 400 mm of precipitation recorded in one month prior to the event after an 596 unusually dry summer season. The influence of seismic activity is unclear, but the close 597 temporal association between the last earthquake series and the failure suggests that the 598 shaking could have pre-conditioned the landslide weakening the cohesion between the 599 ice-cemented colluvium and the bedrock and/or changing of the hydrology. The presence 600 of ice-cementing the source colluvium at 880 m confirms the presence of discontinuous 601 mountain permafrost at that elevation. We suggest that the partial thaw of these deposits 602 was a trigger for the failure for three reasons: i) the landslide followed an usually warm 603 spring and summer, ii) mean annual air temperatures are generally increasing in Iceland 604 and iii) the colluvial cone initially slid as a single cohesive mass suggesting basal 605 lubrication/melting. The fact that two other recent landslides contain similar ice cemented 606 deposits suggests that mountain permafrost degradation could be more prevalent in 607 triggering landslides jn Iceland than has previously been thought. 608
The ice-cemented deposits within the slides of the Móafellshyrna, Torfufell and Árnesfjall 609
Mountains have highlighted the need for a more detailed understanding of the distribution 610 and condition of mountain permafrost within perched talus deposits in Iceland. Future 611 studies should focus on the relationship between rapid mass wasting processes and the 612 degradation of mountain permafrost in such deposits Iceland. These three landslides 613 occurred in uninhabited areas, but future similar landslides might not, and therefore they 614 could pose a potential hazard to society and infrastructure in the island. 
